Pneumocystis is an important fungal pathogen that causes lifethreatening pneumonia in patients with AIDS and malignancy. Lung fungal pathogens are recognized by C-type lectin receptors (CLRs), which bind specific ligands and stimulate innate immune responses. The CLR Dectin-1 was previously shown to mediate immune responses to Pneumocystis spp. For this reason, we investigated a potential role for Dectin-2. Rats with Pneumocystis pneumonia (PCP) exhibited elevated Dectin-2 mRNA levels. Soluble Dectin-2 carbohydrate-recognition domain fusion protein showed binding to intact Pneumocystis carinii (Pc) and to native Pneumocystis major surface glycoprotein/glycoprotein A (Msg/gpA). RAW macrophage cells expressing V5-tagged Dectin-2 displayed enhanced binding to Pc and increased protein tyrosine phosphorylation. Furthermore, the binding of Pc to Dectin-2 resulted in Fc receptorg-mediated intracellular signaling. Alveolar macrophages from Dectin-2-deficient mice (Dectin-2 2/2 ) showed significant decreases in phospho-Syk activation after challenge with Pc cell wall components. Stimulation of Dectin-2 2/2 alveolar macrophages with Pc components showed significant decreases in the proinflammatory cytokines IL-6 and TNF-a. Finally, during infection with Pneumocystis murina, Dectin-2 2/2 mice displayed downregulated mRNA expression profiles of other CLRs implicated in fungal immunity. Although Dectin-2 2/2 alveolar macrophages had reduced proinflammatory cytokine release in vitro, Dectin-2 2/2 deficiency did not reduce the overall resistance of these mice in the PCP model, and organism burdens were statistically similar in the long-term immunocompromised and short-term immunocompetent PCP models. These results suggest that Dectin-2 participates in the initial innate immune signaling response to Pneumocystis, but its deficiency does not impair resistance to the organism.
Pneumocystis pneumonia (PCP) is an opportunistic infection caused by Pneumocystis jirovecii (Pj) in humans. Overall, PCP is one of the top 10 severe fungal infections worldwide (1) . Pneumocystis is a member of the phylum Ascomycota (2) . Pneumocystis organisms have two predominant life-cycle forms: a cyst life form (or ascus) rich in b-glucans, and smaller trophic forms that bind the host airway epithelium and contain abundant major surface glycoproteins, termed Msg or gpA (Msg/gpA), that are believed to be important for organism binding to the lung and avoidance of host recognition (3, 4) . Organism-induced lung inflammation contributes to respiratory impairment during PCP (5) (6) (7) . A number of studies have supported a significant role for cell wall components of fungi in stimulating these robust host inflammatory responses. For example, the C-type lectin recognition receptor (CLR) Dectin-1 has been extensively shown to be important for binding fungal b-glucans, and is required for innate immune signaling and resolution of various fungal infections (8) (9) (10) (11) . Other fungal cell components, including mannoproteins such as a-mannan and its binding to the CLR Mincle, have recently been implicated in immune responses to Candida albicans and Malassezia spp. (12) (13) (14) . The CLRs that recognize various cell wall ligands of Pneumocystis spp. are considerably less well defined compared with the culturable yeast pathogen C. albicans. For example, CLRs reported to be involved in the C. albicans host immune response include C-type lectin domain family 4, member K (CLEC4K), dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), Dectin-1, Dectin-2, macrophage C-type lectin (MCL), Mincle, and mannose receptor (MR) (15) (16) (17) (18) (19) (20) (21) , whereas in CLR/Pneumocystis interactions, only Dectin-1, MR, and, more recently, Mincle have been noted (22) (23) (24) (25) (26) (27) . Given this paucity of information about CLR/Pneumocystis biology and the importance of CLRs for fungal host immunity, we investigated the potential role of CLR Dectin-2 in the host response to Pneumocystis spp.
Methods
All animal experiments were conducted in accordance with the guidelines of the Mayo Institutional Animal Care and Use Committee.
Strains and Reagents
Unless specified otherwise, all reagents were obtained from Sigma-Aldrich (St. Louis, MO). Pneumocystis carinii (Pc) and Pneumocystis murina (Pm) organisms were derived from the American Type Culture Collection (Manassas, VA) (28) . Pc organisms were propagated for 10 weeks in immunosuppressed, corticosteroid-treated rats as previously described (29, 30) . Whole populations of Pc organisms containing both cystic and trophic forms were purified from chronically infected rat lungs by homogenization and filtration through 10-mm filters. For experiments requiring isolated Pc cystic and trophic forms, previously described methods were employed (31, 32) . To exclude the presence of other infectious organisms in the Pc and Pm isolates, the preparations were stained (Diff Quick Modified Wright-Giemsa stain; Dade Diagnostics), and examined to exclude concurrent infection with bacteria or fungi. Isolates with contamination of other microorganisms were discarded (33) .
Experimental Procedures
Details regarding the experimental procedures used in this work can be found in the data supplement, including generation of Pc cell wall components (30, 34, 35) , carbohydrate analysis of purified Pc Msg/gpA, sources and specifics of the mouse strains used (19) , Pneumocystis infection models in immunocompetent and CD4-depleted mice (36) , immunofluorescence microscopy analysis (32, 37) , quantitative PCR (qPCR) analysis of mRNA levels of Pc-and Pm-infected rodents, Dectin-2-Fc fusion protein plate-binding assays, construction of the mouse Dectin-2 lentiviral expression vector (38) , Pc binding assays to RAW cell transfectants that overexpress Dectin-2 (39), tyrosine phosphorylation analysis of cells stimulated with Pc (38), Dectin-2 reporter cell stimulation assays (40) , analysis of Syk and cytokine responses in Dectin-2 2/2 and wild-type alveolar macrophages (41) , ELISA for the Pm antibody response, Western blotting for Dectin-2 carbohydraterecognition domain (CRD) Fc fusion binding to Pneumocystis spp., cytokine assays, and qPCR analysis of the Pm burden in Pm-infected mouse lungs (42) . In addition, the specific PCR primers used in these studies are listed in Table E1 in the data supplement.
Statistical Analysis
Data are shown as the mean 6 SEM from multiple experimental runs. Statistical differences between various data groups were first assessed by ANOVA and then by Student's t tests as indicated. Nonparametric statistics were utilized when data were distributed in a non-Gaussian manner. Statistical testing was performed using GraphPad Prism version 5.0b software, and statistical differences were considered significant if P , 0.05.
Results

Dectin-2 Interacts with Pc Organisms and Is Upregulated during Infection
For an initial evaluation of the potential interactions of Dectin-2 with Pneumocystis spp., we incubated Pc life forms with the Dectin-2 Fc fusion protein or Fc fragment alone and analyzed binding by immunofluorescence ( Figure 1 ). The Dectin-2 Fc fusion protein demonstrated strong binding to Pc, with punctate staining noted on the cell wall of numerous organisms ( Figures 1B and 1D ). No appreciable staining was observed using the Fc fusion fragment alone ( Figure 1F ). These findings support the ability of Dectin-2 receptors to bind to intact Pc organisms.
In addition, prior studies have indicated that Dectin-2 mRNA is constitutively expressed in the lung (43) and upregulated during pulmonary aspergillosis (44) . Accordingly, we sought to determine whether Dectin-2 was similarly upregulated during PCP in rats ( Figure 1G ). Steady-state Dectin-2 mRNA expression was significantly increased during Pneumocystis infection compared with normal uninfected lung mRNA ( Figure 1G ). To further determine whether the Dectin-2 CRD-containing fusion protein could bind isolated Pc organism components, we utilized a plate-binding assay in which Pc components were coated onto microtiter plates and the Fc Dectin-2 fusion protein or the Fc fragment alone was allowed to interact with the coated surfaces ( Figure 2 ). Both total Pc homogenates and purified native Msg/gpA demonstrated significantly stronger binding of the Dectin-2/Fc fusion protein compared with binding of the Fc fragment alone. Lastly, the mouse Dectin-2 CRD Fc fusion protein we used in this study binds equally well to both Pc and Pm cell wall components (most likely Msg/gpA based on the molecular weight of the glycoprotein and various isoforms) (27) , as well as to both Pc and Pm protein lysates ( Figure E1 ). These results indicate that the Dectin-2 CLR can recognize Pneumocystis surface components in a manner consistent with the observed immunofluorescence studies.
Macrophage Overexpression of Full-Length Dectin-2 Increases Binding of Pc to the Host Cell
To determine whether enhanced macrophage expression of Dectin-2 would augment interactions between the organisms and host cells, RAW264.7 macrophages were transfected with the Dectin-2 cDNA in an expression vector with a C-terminal V5 epitope tag. It should be noted that parental RAW cells express considerably less Dectin-2 mRNA than bone marrow-derived dendritic cells (45, 46) . Western blotting with an anti-V5 antibody confirmed the expression of the molecule in transfected RAW cells ( Figure 3A) , and the surface expression was further confirmed by FACS analysis (data not shown). To assess organism binding, 51 Cr-labeled Pc life forms were incubated with the transfected RAW cells and washed to remove nonadherent Pc life forms. Bound Pc life forms were then enumerated by scintillation counting ( Figure 3B ). In parallel with previous observations in C. albicans yeast forms (38) , more Pc organisms bound to the Dectin-2V5-expressing RAW cells than to untransfected RAW cells expressing only native Dectin-2. Of note, 51 Cr-labeled Pc exhibited minimal binding to the microtiter plate ( Figure 3B ). These results indicate that Dectin-2 receptors expressed on the macrophage cell surface facilitate binding of Pc organisms.
Pc Binding to Dectin-2 Leads to Protein Tyrosine Phosphorylation in Macrophages
We next sought to determine whether challenging the RAW cells overexpressing Dectin-2V5 receptors with Pc organisms would result in overall activation of intracellular signaling. After applying Pc life forms to this cell line or the parent cell line alone, we performed Western blotting using a pan-specific antiphosphotyrosine antibody ( Figure E2 ). Compared with parental untransfected RAW cells alone, enhanced tyrosine phosphorylation was observed as early as 5 minutes after the Pc Pneumocystis pneumonia was induced in rats as described in the text. After 10 weeks of infection, total lung Dectin-2 expression was determined by semiquantitative PCR, with uninfected rats matched for age used as controls. *P , 0.05 compared with uninfected control rat lung. Shown are the data from three determinations. Scale bars for panels A, B, E, and F: 20 mm, and scale bars for panels C and D: 10 mm.
organisms were applied to the Dectin-2V5-expressing RAW cells, further indicating that the binding of Pc to Dectin-2 results in cellular signaling ( Figure E2 ).
Ligation of Dectin-2 Induces Fc Receptor-g-Mediated Cellular Signaling after Interactions with Whole Pc Organisms and Pc Cell Wall Components
Upon application of total Pc homogenate or whole Pc organisms to T cell hybridoma cells expressing both Dectin-2 and Fc receptorg (FcRg) or the FcRg alone, both whole organisms and Pc components induced significant cell signaling, as evidenced by increased lacZ reporter activity compared with the T cells expressing the FcRg receptor alone (Figure 4 After observing that Dectin-2 Syk-coupled receptor signaling induced by Pc cell wall components was impaired in the Dectin-2 2/2 alveolar macrophages, and knowing that these events lead to altered proinflammatory cytokine production in other fungal infections (40, 52) , we further examined the TNF-a and IL-6 responses in Dectin-2 2/2 alveolar macrophages stimulated with Pc cell wall components. These inflammatory cytokines were significantly decreased in the Dectin-2 2/2 mice alveolar macrophages compared with the wild-type alveolar macrophages after stimulation with the Pc cell wall components ( Figures 5B and 5C To determine whether Dectin-2 CLR is important for the clearance of Pneumocystis infection during pneumonia, we infected CD4-depleted Dectin-2 2/2 mice and 10 weeks later measured the total viable organism burden in the lung by qPCR ( Figure 6 ). Notably, there were no significant differences between Dectin-2 2/2 mice and wild-type controls with regard to Cr-labeled Pc organisms were cultured for 1 hour with alveolar macrophages, nonattached organisms were removed, and organism binding was determined. Shown are means 6 SEM for three separate determinations. *P , 0.05 comparing Pc binding to parental RAW cells with Pc binding to RAW cells overexpressing Dectin-2. CPM = counts per minute.
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the quantity of Pm ribosomal RNA detected in total lung tissues. Therefore, these results suggest that although the Dectin-2 CLR recognizes Pneumocystis organisms that lead to early innate immune signaling events and inflammatory cytokine production, as noted above, the receptor's absence during PCP is not predominantly important for clearance of infection.
Cytokine and CLR Expression during PCP in CD4-depleted Dectin-2 2/2 Mice
After observing that Dectin-2 2/2 and wildtype mice exhibited similar Pm organism burdens during infection, we further investigated whether markers of inflammation in the whole lung were altered during infection (Table 1) . Although IL-6 and TNF-a mRNA expression levels were lower or relatively unchanged, respectively, in the Dectin-2 2/2 mice, these differences were not statistically significant. In addition, because other researchers have shown the importance of Dectin-2 for T helper type 2 (Th2) responses to fungi (41, 53), we analyzed Th2 responses via mRNA levels for IL-5 and IL-13. In addition, we evaluated IL-17 expression. Again, the expression levels of IL-5, IL-13, and IL-17 were not significantly different between the wild-type mice with Pm pneumonia (PmP) and the Dectin-2 2/2 mice with PmP at the 10-week time point tested (Table 1) .
We further hypothesized that other CLRs and host cell receptors implicated in Pneumocystis clearance (23, 54, 55) and host responses to fungi (8, 9, 12, 14, 20, 30) might be upregulated in Dectin-2 2/2 mice during infection, which could account for the similar organism burden levels observed during PmP in the Dectin-2 2/2 mice and controls. Interestingly, though, fungal immune receptors such as Dectin-1, Mincle, Toll-like receptor 2 (TLR2), and complement receptor 3 (CR3) were significantly downregulated in the Dectin-2 2/2 Pminfected mice compared with the control Pm-infected mice (Table 1) . MR expression levels were not different between the two groups. In addition, TLR7, a receptor for single-strand RNA, was used as a negative control transcript, and also did not differ significantly between Dectin-2 or Pc homogenate (10 mg/ml) or whole Pc organisms at the indicated Pc/host cell ratios. After 18 hours, cell signaling was determined by measuring lacZ activity using a colorimetric assay read at the OD 560/620 wavelength ratio. *P , 0.05 comparing signaling in cells expressing Dectin-2 with FcRg and expressing only FcRg, for a given stimulus. Shown are the data from four experimental determinations. Pm-infected mice and wild-type control Pm-infected mice (Table 1) . Therefore, the observed lack of difference in organism burdens during infection in the absence of Dectin-2 cannot be explained on the basis of upregulation of other CLRs and receptors implicated in the host defense against fungal infection.
The Pneumocystis organism burdens in immunocompetent Dectin-2 2/2 mice were similar to those observed in wild-type mice after Pneumocystis challenge. However, Dectin-2 2/2 mice failed to generate an augmented antibody response. We tested a short-term immunocompetent Pneumocystis challenge model for up to 20 days to assess whether the absence of Dectin-2 would result in an altered Pm burden in the lung ( Figure  E3 ). Wild-type and Dectin-2 2 / 2 immunocompetent mice were inoculated with Pm as described above. Notably, the overall organism burden determined by qPCR in immunocompetent Dectin-2 2/2 mice was not significantly different between the immunocompetent wild-type mice and the Dectin-2 2/2 mice after Pneumocystis challenge. In addition, the immunocompetent Dectin-2 2 / 2 failed to significantly augment anti-Pneumocystis IgG over 20 days after infection compared with wild-type mice ( Figure E4 ). As anticipated, the wild-type mice generated a significantly augmented antibody response after the Pm exposure. In contrast, although the Dectin-2 2 / 2 immunocompetent mice exhibited somewhat higher basal antiPm IgG, they did not exhibit a significant stimulation of anti-Pm IgG after Pm exposure.
Discussion
Dectin-2 is a member of the group II CLR family, which consists of one or more CRDs that recognize various pathogen epitopes that lead to innate immune signaling, either by using their own cytoplasmic domains or by associating with and utilizing the immunoreceptor tyrosine-based activation motifs present in the FcRg chain (56) . Compared with Dectin-1, the role of the Dectin-2 CLR is less well defined and its importance for resistance in fungal infections is more variable. For instance, in C. albicans and C. glabrata, as well as in Aspergillus fumigatus, Blastomyces dermatitidis, Fonsecaea pedrosoi, and Malassezia spp., Dectin-2 has been implicated in mediating host innate and adaptive immune responses, and clearing fungal organisms from the host (12, 19, (57) (58) (59) . In other pathogenic fungi, such as Cryptococcus neoformans and Coccidioides immitis, the absence of Dectin-2 leads to aberrant cytokine responses in host immunity, but these differences result in no difference in clearance of the organism from the host and therefore have no influence on the outcome of infection (41, 52) . Thus, we believed it was important to examine the potential role of Dectin-2 in host defense and infection with Pneumocystis.
The current investigation specifically demonstrates that Dectin-2 mRNA levels are increased significantly during Pneumocystis infection, and that Dectin-2 can bind Pc organisms and components exposed on the cell surface, such as Msg/gpA and b-glucans. Furthermore, we demonstrated that Pc organisms bind Dectin-2 on macrophages, leading to tyrosine protein phosphorylation and initiation of Dectin-2/FcRg-mediated signaling. Dectin-2 2/2 alveolar macrophages exhibited impaired host p-Syk activation and downstream proinflammatory cytokine after challenge Mice in the respective groups were immune suppressed by CD4 depletion with GK 1.5 and inoculated with Pneumocystis murina (Pm). After 10 weeks of infection, the Pm organism burdens were assayed by 16S mitochondrial RNA determination. Over large numbers of assayed mice (n = 12 mice), the Dectin-2 2/2 and wild-type mice had statistically similar burdens (n = 11; *P = 0.26, not significantly different comparing Pm organism burdens in Dectin-2 2/2 Pm-infected mice and control Pm-infected mice). Our studies indicate that the Dectin-2 CLR recognizes both whole Pc organisms and Pc cell wall components such as Msg/gpA and Pc b-glucans. Currently, the exact structures of ligands that interact with Dectin-2 are not fully characterized. Glycan arrays demonstrated that the CLR has the greatest affinity for the high-mannose structure Man 9 GlcNac 2 (60). Dectin-2 has been shown to interact with other bona fide fungal cell wall components, including glycoproteins containing O-linked a-1,2-mannobiose residues from Malassezia spp. (12) and a-mannans from C. albicans (19, 21) . Furthermore, zymosan, a glucan with repeating glucose units connected by b-1,3-glycosidic linkages, has also been shown to activate Dectin-2, leading to increased proinflammatory production (40) . Therefore, the fungal cell wall repertoire implicated in Dectin-2 binding and signaling is likely broad and involves multiple fungal components. Our studies suggest that whole Pc organisms and abundant Pc cell wall surface components are able to activate Dectin-2 signaling. Previous studies and an examination of the completed Pneumocystis genomes in Pc, Pj, and Pm have demonstrated the presence of b-glucans (both b-1,3 and b-1,6 linkages) and related synthetic genes (31, 37) , as well as genetic pathways for mannoprotein production across the genus (61, 62 Of note, we observed no significant differences in the proinflammatory cytokine mRNA (Table 1 ) and protein levels of IL-6 and TNF-a (data not shown) in Pneumocystis-infected Dectin-2 2/2 mice compared with wild-type controls. This was surprising in light of the significant differences in cytokines, as well as in T cell Dectin-2/FcRg-coupled signal initiation, that we observed when we tested isolated alveolar macrophages from these mice. The reason for this discrepancy is not fully understood, but it is entirely in accord with previous findings in other infection models (41, 52) . It may very well be that cytokine responses in whole-lung protein lysates are insufficiently sensitive to detect differences that are magnified (and greatly simplified) in examinations of isolated cell types. Indeed, prior studies suggested a linkage between Th2 (IL-5, IL-13, and IL-17) responses and Dectin-2 in some infections (41) .
Finally, we demonstrated that the absence of Dectin-2 in the lung led to no apparent deficiency in the burden of Pneumocystis organisms from the lung, in either the CD4-depleted PCP model or the immunocompetent animals. Similarly, in other fungal infections, the absence of Dectin-2 can lead to profound decreases in cell-specific proinflammatory cytokine production, but this has little effect on fungal organism clearance (40, 41, 52) . We used standard time points to assess infection intensity in the Pm infection model to study well-established infection (36) .
Based on our observations, we examined other mammalian fungal receptors that were previously implicated in the immune response to Pneumocystis and other fungi, including Dectin-1, Mincle, TLR2, CR3, and MR (14, 20, 23, 55, 63) . Interestingly, although Dectin-1, Mincle, TLR2, and CR3 mRNAs were upregulated in Dectin-2 2/2 mice during active PCP infection, they were expressed at significantly lower levels in Dectin-2
2/2
Pm-infected mice compared with the control Pm-infected mice. To our knowledge, this is the first observation of other CLRs being downregulated during a fungal infection in the absence of Dectin-2 2/2 , which merits further exploration. Furthermore, although these fungal cell innate immune receptors were reduced in the Dectin-2 2/2 mice, the levels were still adequate to control Pm organism burdens in the lung. Thus, the redundancy of these multiple CLRs benefits the host in the overall control of fungal infection (64) (65) (66) .
In summary, we have shown that the Dectin-2 CLR recognizes and responds to Pneumocystis organisms, initiating cellular responses in vitro. However, the lack of Dectin-2 receptors in Dectin-2 2/2 mice did not make the animals susceptible to more severe PCP infections. Therefore, although we believe that Dectin-2 receptors participate in host innate immune responses to organisms, the presence of redundant (and perhaps more potent) CLRs and other receptors, such as Dectin-1, indicates that Dectin-2 does not by itself play a predominant role in affecting the clearance of Pneumocystis organisms during infection. n Author disclosures are available with the text of this article at www.atsjournals.org.
